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Numerous cytosolic and nuclear proteins involved in
metabolism, DNA maintenance, protein translation,
or iron homeostasis depend on iron-sulfur (Fe/S)
cofactors, yet their assembly is poorly defined.
Here, we identify and characterize human CIA2A
(FAM96A), CIA2B (FAM96B), and CIA1 (CIAO1) as
components of the cytosolic Fe/S protein assembly
(CIA) machinery. CIA1 associates with either CIA2A
or CIA2B and the CIA-targeting factor MMS19. The
CIA2B-CIA1-MMS19 complex binds to and facilitates
assembly of most cytosolic-nuclear Fe/S proteins. In
contrast, CIA2A specifically matures iron regulatory
protein 1 (IRP1), which is critical for cellular iron ho-
meostasis. Surprisingly, a second layer of iron regu-
lation involves the stabilization of IRP2 by CIA2A
binding or upon depletion of CIA2B or MMS19, even
though IRP2 lacks an Fe/S cluster. In summary,
CIA2B-CIA1-MMS19 andCIA2A-CIA1 assist different
branchesof Fe/Sprotein assembly and intimately link
this process to cellular iron regulation via IRP1 Fe/S
cluster maturation and IRP2 stabilization.
INTRODUCTION
Iron-sulfur (Fe/S) clusters are inorganic cofactors of many pro-
teins participating in fundamental biological processes (Ayala-
Castro et al., 2008; Lill et al., 2012; Py and Barras, 2010; Rouault,
2012; Sheftel et al., 2010a). They mediate electron transfer (e.g.,
in respiratory complexes I, II, and III), are part of catalytic centers
(mitochondrial aconitase of the tricarboxylic acid cycle),
contribute to nucleotide metabolism (glutamine phosphoribosyl-
pyrophosphate amidotransferase [GPAT], Martelli et al., 2007;
dihydropyrimidine dehydrogenase [DPYD], Schnackerz et al.,
2004), and are required for essential steps of DNA replication
(catalytic subunits of replicative DNA polymerases, Netz et al.,
2012b) and DNA repair (DNA helicases such as Xeroderma pig-Celmentosum complementation group D protein [XPD] or Fanconi
anemia protein J [FANCJ], Rudolf et al., 2006). In addition,
Fe/S proteins such as the bifunctional iron regulatory protein 1
(IRP1) execute sensory functions (Anderson et al., 2012). When
IRP1 carries a [4Fe-4S] cluster, it acts as a cytosolic aconitase
(cytAco). In the absence of this cofactor, IRP1 binds to
messenger RNA (mRNA) stem-loop structures called iron-
responsive elements (IREs) and posttranscriptionally regulates
the expression of various proteins involved in cellular iron
homeostasis. A second layer of regulation might include the
iron-dependent degradation of IRP1 by the E3 ubiquitin ligase
FBXL5, given that these proteins have been shown to interact
(Salahudeen et al., 2009; Vashisht et al., 2009).
The assembly of Fe/S proteins in the mitochondria, cytosol,
and nucleus of eukaryotes depends on the concerted action
of complex biogenesis systems (for review, see Lill, 2009; Lill
et al., 2012; Rouault, 2012). The mitochondrial iron-sulfur cluster
(ISC) assembly machinery was inherited from bacteria (Johnson
et al., 2005) and is required for the maturation of both mitochon-
drial and extramitochondrial Fe/S proteins. The cytosolic iron-
sulfur protein assembly (CIA) apparatus is specific for the
maturation of cytosolic and nuclear Fe/S proteins. Despite the
lack of structural similarities between the ISC and CIA compo-
nents, the synthesis of Fe/S clusters and their incorporation
into apoproteins by these two systems appear to follow similar
mechanistic principles. First, an Fe/S cluster is assembled on a
scaffold complex requiring sulfide production by the mitochon-
drial cysteine desulfurase complex NFS1-ISD11. Second, the
Fe/S cluster is released from the scaffold, transferred to specific
target apoproteins, and incorporated into the polypeptide
chains. Each of these steps requires assistance by dedicated
ISC or CIA factors.
Initial studies of the CIA machinery were performed in yeast.
The cytosolic P loop nucleoside triphosphatases Cfd1 and
Nbp35 were characterized as a scaffold on which a tran-
siently bound [4Fe-4S] cluster is assembled (Hausmann et al.,
2005;Netz et al., 2007, 2012a; Roy et al., 2003; Sharma et al.,
2010). The electron transfer from NADPH to the diflavin oxidore-
ductase Tah18 and the Fe/S protein Dre2 is essential for the
assembly process and is required particularly for insertion of
the N-terminal [4Fe-4S] cluster of Nbp35 (Netz et al., 2010;l Metabolism 18, 187–198, August 6, 2013 ª2013 Elsevier Inc. 187
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CIA1, CIA2A, and CIA2B Mature Diverse Fe/S ProteinsZhang et al., 2008). Transfer of the labile Fe/S cluster from the
Cfd1-Nbp35 scaffold to target apoproteins requires the Fe-
only hydrogenase-like protein Nar1 and theWD40 repeat protein
Cia1 (Balk et al., 2004, 2005; Srinivasan et al., 2007). Recently,
the HEAT repeat protein Mms19 (also called Met18) has been
identified as a CIA component that directly binds to apoproteins
and assists Fe/S cluster incorporation into several Fe/S proteins
involved in genome stability and DNA maintenance (Gari et al.,
2012; Stehling et al., 2012). Mms19 forms a complex with Cia1
and Cia2. The latter protein (encoded by the yeast gene
YHR122w) contains a DUF59 domain and has been implicated
in cytosolic Fe/S protein assembly in a systematic screen for
proteins containing reactive cysteine residues (Weerapana
et al., 2010). The precise role of Cia2 is unknown.
The eight knownCIA components are conserved from yeast to
humans, suggesting similar molecular mechanisms of Fe/S pro-
tein assembly in all eukaryotes. So far, only human NBP35, IOP1
(homolog of yeast Nar1; for nomenclature see Table S1 available
online), and MMS19 have been functionally investigated and
shown to act similarly to their yeast counterparts (Gari et al.,
2012; Seki et al., 2013; Song and Lee, 2008; Stehling et al.,
2008, 2012). Human MMS19 is specifically involved in the matu-
ration of both DPYD andDNApolymerase POLD1 but is dispens-
able for IRP1 and GPAT assembly, suggesting a target-specific
function of MMS19 similar to that of its yeast counterpart (Steh-
ling et al., 2012). MMS19 interacts with IOP1, CIA1, CIA2B
(FAM96B; Table S1), and numerous cytosolic-nuclear Fe/S
proteins (Gari et al., 2012; Ito et al., 2010; Luoet al., 2012; Stehling
et al., 2012; van Wietmarschen et al., 2012). Hence, the MMS19-
CIA1-CIA2B complex has been proposed to function as a target-
ing complex facilitating the specific delivery of the Fe/S clusters
to apoproteins. So far, the function of human CIA1 and CIA2B
in the maturation of Fe/S proteins has not been studied. Intrigu-
ingly, and in contrast to yeast, humans possess a second Cia2
homolog designated CIA2A (FAM96A; Table S1), which has not
yet been investigated. Notably, gene duplications have also
occurred for the mitochondrial ISC component ferredoxin and
for cytosolic IOP1, but typically only one of these isoforms par-
ticipates in Fe/S protein biogenesis (Sheftel et al., 2010b; Song
and Lee, 2008).
Here, we used RNAi-mediated protein depletion to investigate
the potential involvement of human CIA1, CIA2A, and CIA2B in
the maturation of cytosolic-nuclear Fe/S proteins. The cell bio-
logical studies were complemented by both proteomic analyses
and dedicated coimmunoprecipitations for identifying the spe-
cific protein partners of CIA1, CIA2A, and CIA2B. Our results
suggest that these proteins form different complexes that act
late in the CIA pathway to target different Fe/S proteins. Particu-
larly, the function of CIA2A connects cytosolic Fe/S protein
maturation with cellular iron regulation, providing a molecular
link between these two important biological processes.
RESULTS
Localization and Knockdown of Human CIA1, CIA2A,
and CIA2B Proteins
We first determined the subcellular localization of CIA1, CIA2A,
and CIA2B through immunoblotting of cytosolic and organelle-
containing fractions derived from digitonin-permeabilized HeLa188 Cell Metabolism 18, 187–198, August 6, 2013 ª2013 Elsevier Inccells (Stehling et al., 2008). Given that no functional CIA2A-
directed antibody was available (in contrast to CIA1 and
CIA2B), we analyzed HeLa cells expressing a C-terminally
myc-tagged version of murine CIA2A (muCIA2A-myc). CIA1,
CIA2B, and muCIA2A-myc were detectable in the cytosolic frac-
tion but nearly absent in the organelle fraction (Figures 1A–1C).
Actin and MIA40 served as cytosolic and mitochondrial markers,
respectively. RNAi-mediated depletion verified the specificity of
the CIA1 and CIA2B immunostaining (Figures 1A and 1B). Deple-
tion was achieved through three consecutive transfections at a
3 day interval, applying three different small interfering RNAs
(siRNAs) either individually or as a pool. Particularly for the
pooled siRNAs, quantitative real-time PCR (qPCR) and immuno-
staining showed a strong decrease (>75%) in mRNA and protein
levels, respectively (Figures S1A and S1B). Individual siRNAs
were also highly active but usually showed lower efficiencies.
Scrambled siRNAs did not affect CIA1 and CIA2B levels (Figures
1A and 1B). Importantly, CIA2A-directed siRNAs did not diminish
protein levels of the related CIA2B (Figure 1B). Actin and MIA40
levels were not altered by the RNAi treatments. Only depletion of
CIA1 resulted in a severe, time-dependent effect on cell growth
asmeasured by cell counting and protein yield (Figures 1D, S1C,
and S1D). Taken together, the digitonin-based cell-fractionation
approach identified human CIA1, CIA2A, and CIA2B as soluble
cytosolic proteins.
Depletion of CIA2A, but Not of CIA2B and CIA1, Impairs
Fe/S Cluster Maturation of IRP1
The efficient knockdowns of CIA1, CIA2A, and CIA2B in HeLa
cells allowed us to examine the proteins’ putative roles in Fe/S
protein assembly. We first tested the effects of their depletion
on the cytAco activity of IRP1 using lactate dehydrogenase
(LDH) activity as a reference (Biederbick et al., 2006; Stehling
et al., 2008). Surprisingly, only depletion of CIA2A, but not that
of CIA2B or CIA1, strongly decreased the cytAco activity in a
depletion-time-dependent manner (Figure 2A). Individual
CIA2A-directed siRNAs were also effective (Figure S2A),
whereas scrambled siRNAs did not elicit any effects. Given
that the apoform of IRP1 lacking the Fe/S cluster is less stable
than the holoform (Clarke et al., 2006; Sheftel et al., 2010b; Steh-
ling et al., 2008), we additionally determined the IRP1 protein
levels as an indirect measure of Fe/S cluster assembly. In order
to account for potential changes in gene expression, mRNA
levels of IRP1 were also examined. Consistent with the decline
in cytAco activity, only RNAi treatment for CIA2A decreased
the IRP1 protein amount (Figures 2B and S2B), whereas IRP1
mRNA levels remained unchanged (Figure S2C). In individual ex-
periments, the relative decrease in IRP1 steady-state protein
levels was frequently 10% to 30% less pronounced than that in
cytAco activity, indicating that the Fe/S cluster-assembly defect
precedes IRP1 protein destabilization. Notably, low amounts of
CIA2B slightly improved rather than decreased both cytAco
activity and protein levels of IRP1, indicating enhanced Fe/S
cluster maturation of IRP1 in the absence of CIA2B (Figures
2A, 2B, S2A, and S2B). All cytAco effects were highly specific
and restricted to the extramitochondrial compartment; both the
activities and levels of the mitochondrial Fe/S protein aconitase
and succinate dehydrogenase (SDH) were unchanged upon
depletion of CIA1, CIA2A, or CIA2B (Figure S3)..
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Figure 1. Subcellular Localization of Mammalian CIA1, CIA2A,
and CIA2B
(A and B) HeLa cells were transfected three times at 3 day intervals either with
scrambled siRNAs (Scr) or with pools of three siRNAs directed against CIA1,
CIA2A, or CIA2B. As a control, cells were mock transfected (Mock). Nine days
after the first transfection, cells were fractionated following digitonin treatment
(Stehling et al., 2008). Total cell lysates and supernatant (Cytosol) and pellet
(Organelles) fractions were analyzed for CIA1 (A), CIA2B (B), b-actin, and
mitochondrial MIA40 by immunostaining.
(C) HeLa cells were transfected three times at 3 day intervals with either a
control vector () or a vector encoding a muCIA2A-myc fusion protein. Cells
were treated and analyzed for localization of the indicated proteins as in (A)
and (B).
(D) At each harvest, cumulative numbers of siRNA-treated cells were deter-
mined. All values are normalized to mock-transfected cells (set to 100%;
dashed line) and given as the mean ± SD (n = 3).
See also Figure S1.
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CelWe next used an RNA electrophoretic mobility shift assay
(REMSA) to test the effects of CIA1, CIA2A, and CIA2B depletion
on the RNA-binding activity of IRP1 to a g-32P-labeled cytidine
triphosphate ([g-32P]CTP) ferritin IRE probe. IRE binding to
IRP1 was distinguished from association with IRP2 by anti-
body-mediated supershift of IRP2 during native-gel electro-
phoresis (Stehling et al., 2008). To account for changes in IRP1
protein levels as observed in CIA2A-deficient cells, the maximal
IRE-binding activity of IRP1 was determined in a second set of
samples by pretreatment with b-mercaptoethanol (b-ME; Hentze
et al., 1989). The amount of IRP1-associated IRE probewas visu-
alized by autoradiography and quantified by densitometry. The
ratio of IRP1-bound probe in the absence (intrinsic binding activ-
ity) and presence (maximal binding activity) of b-ME is ameasure
for the proportion of IRP1 protein existing in an IRE-binding
conformation, thus reflecting the Fe/S cluster-maturation status
of IRP1. Depletion of CIA2A nearly doubled the proportion of
IRP1 present in an IRE-binding state (ratio of IRP1-bound IRE;
Figures 2C and S2F), an effect mainly due to a decrease in
IRP1’s maximal IRE-binding activity (maximal IRP1-bound IRE;
Figure S2D) rather than an increase in the protein’s intrinsic bind-
ing activity (Figure S2E). In contrast, RNAi-mediated depletion of
CIA1 or CIA2B had only a marginal influence, a result consistent
with the minor effects of their depletion on cytAco activity. Taken
together, the data suggest that human CIA2A is required for
maturation of IRP1 Fe/S protein.
Depletion of CIA1 and CIA2B, but Not of CIA2A,
Diminishes Maturation of DPYD and GPAT
The somewhat surprising specificity of the two human CIA2 iso-
forms prompted us to examine the requirement of CIA2A, CIA2B,
and CIA1 for the biosynthesis of other cytosolic-nuclear Fe/S
proteins. A clinically relevant example is DPYD, an enzyme
involved in the detoxification of pyrimidine derivatives such
as the anticancer drug 5-fluorouracil (van Kuilenburg, 2004).
DPYD is a homodimer of 220 kDa and catalyzes the reduction
of pyrimidines to initiate their degradation. Each DPYDmonomer
contains one FAD, one FMN, and four Fe/S clusters, the latter
being arranged to form two entangled electron conduits that
proceed across both subunits to connect the active sites of the
enzyme (Schnackerz et al., 2004).
To assess the maturation of DPYD, we measured the
enzyme’s activity to convert [4-14C]-thymine ([4-14C]-T) into
[4-14C]-dihydrothymine ([4-14C]-DHT). Substrate and product
were separated by thin-layer chromatography (TLC) and quanti-
tated by autoradiography. The assay was validated by analyzing
the DPYD activity in HeLa cells depleted for the known ISC and
CIA components NFS1, FXN, and NBP35 (Biederbick et al.,
2006; Stehling et al., 2004, 2008). Loss of any one of these estab-
lished assembly factors resulted in a severe decrease in [4-14C]-
DHT formation compared to control cells, whereas the activity
of LDH was virtually unaffected (Figure S4). A profound time-
dependent decrease (up to 85%) in DPYD activity was also
seen for knockdown of both CIA1 and CIA2B, but not for
CIA2A (Figures 3A and 3B). Application of individual siRNAs
directed against CIA1 and CIA2B was nearly as effective as the
use of pooled siRNAs, demonstrating the specificity of the
approach (Figures S5A and S5B). Loss of DPYD activity
in CIA1- and CIA2B-depleted cells was associated withl Metabolism 18, 187–198, August 6, 2013 ª2013 Elsevier Inc. 189
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Figure 2. Depletion of CIA2A, but Not of CIA2B or CIA1, Impairs Fe/S
Cluster Maturation of IRP1
HeLa cells were depleted of CIA1, CIA2A, or CIA2B by RNAi as in Figure 1 for 3,
6, and 9 days in three consecutive transfections.
(A) Cells were fractionated as in Figure 1, and the cytAco activity of IRP1was
determined relative to the activity of the non-Fe/S-cluster-containing cytosolic
enzyme LDH. Ratios were normalized to mock-transfected cells.
(B) Samples of mock- and siRNA-transfected cells were subjected to immu-
nostaining for IRP1 and b-actin. Upper panel: Representative immunoblots of
samples prepared 9 days after the first transfection are shown. Lower panel:
IRP1- and b-actin-associated chemiluminescence was quantified, and the
ratio was normalized to mock-transfected cells.
(C) IRP1 binding activity (IRP2 supershift method) to 32P-labeled IRE of human
ferritin mRNA in the presence (+b-ME) or absence (–b-ME) of 1.7% b-ME was
analyzed by native-gel electrophoresis and subsequent phosphorimaging.
Upper panel: Representative autoradiographs of samples prepared 9 days
after the first transfection are shown. Lower panel: The ratio of IRP1-bound IRE
probe in the absence and presence of b-ME (ratio of IRP1-bound IRE) was
normalized to mock-transfected cells (set to 100%) and represents a relative
measure for the Fe/S cluster maturation status of IRP1. All values are given as
mean ± SD (n = 3); dashed line, mock-transfected cells, Scr; scrambled
siRNAs.
See also Figures S2 and S3.
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190 Cell Metabolism 18, 187–198, August 6, 2013 ª2013 Elsevier Inca diminution of DPYD protein (Figures 3C and S5C), but not of
DPYDmRNA (Figure S5D). This result is consistent with apopro-
tein destabilization due to impaired Fe/S cluster assembly. We
conclude that the maturation of DPYD depends on CIA2B and
CIA1, whereas CIA2A is dispensable. Thus, CIA2A, CIA2B, and
CIA1 are bona fide CIA proteins yet exhibit strikingly different
Fe/S target protein specificity.
To examine this target specificity in more detail, we analyzed
the maturation of GPAT, which catalyzes the first step of pu-
rine-nucleotide synthesis and is translated as an inactive proen-
zyme. Its activation requires both the incorporation of a [4Fe-4S]
cluster and the subsequent removal of an N-terminal undecamer
propeptide. Because cluster insertion critically determines
protein stability (Martelli et al., 2007; Stehling et al., 2008), the
steady-state levels of GPAT measured by immunostaining
provide a direct measure of Fe/S cluster assembly. The conse-
quences of CIA2A, CIA2B, and CIA1 depletion on GPAT protein
andmRNA levels were similar to those observed for DPYDmatu-
ration (Figures 3D, S5E, and S5F). In conclusion, GPAT matura-
tion requires CIA1 and CIA2B, but not CIA2A, and thus exhibits a
CIA-factor dependency similar to that of DPYD.
Depletion of CIA2B, but Not of CIA2A, Affects
Maturation of POLD1
Whereas IRP1, GPAT, and DPYD reside in the cytosol, other
Fe/S proteins are present in the nucleus and function in the
maintenance of genome integrity. A representative example is
POLD1, the catalytic subunit of DNA polymerase d and a homo-
log of yeast Pol3, which was recently shown to carry a [4Fe-4S]
cluster (Netz et al., 2012b). Similar to IRP1, GPAT, and DPYD, the
steady-state protein level of POLD1 is dependent on efficient
Fe/S cluster assembly (Stehling et al., 2012) and thus provides
a suitable measure for the maturation status of the protein.
Upon RNAi-mediated depletion of CIA1, the POLD1 protein
levels were strongly (>50%) diminished, whereas knockdowns
of CIA2B or CIA2A only slightly decreased or increased POLD1
levels, respectively (Figures 3E and S5G). In neither case did.
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Figure 3. Depletion of CIA1 and CIA2B, but Not of CIA2A, Impairs Maturation of the Cytosolic Fe/S Proteins DPYD, GPAT, and POLD1
CIA1, CIA2A, and CIA2B were depleted by RNAi as in Figure 2, and HeLa cells were analyzed for enzyme activity and steady-state protein levels of DPYD, GPAT,
and POLD1.
(A and B) DPYD-dependent formation of [4-14C]-DHT from [4-14C]-T was determined by TLC and subsequent autoradiography. Representative autoradiographs
of replicate samples obtained 9 days after the first transfection are shown in (A). DPYD enzyme activity was calculated from the proportion of [4-14C]-DHT and
[4-14C]-T, expressed relative to LDH activity and normalized to mock-transfected cells (B).
(C–E) DPYD, GPAT, POLD1, and b-actin steady-state protein levels were examined by immunostaining. Upper panel: Representative immunostains of samples
prepared 9 days after the first transfection are shown. Lower panel: Protein-associated chemiluminescence was quantified, and the protein per b-actin ratio was
normalized to mock-transfected cells. All values are given as the mean ± SD (n = 3); dashed line, mock-transfected cells; Scr, scrambled siRNAs.
See also Figures S3–S5.
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CIA1, CIA2A, and CIA2B Mature Diverse Fe/S ProteinsPOLD1 mRNA levels decline (Figure S5H). Thus, maturation of
POLD1 appears to bemost dependent on CIA1 and is onlymildly
affected by depletion of CIA2B. Together, these results indicate
that the CIA proteins CIA1, CIA2A, and CIA2B exhibit differential
target specificity in the assembly of cytosolic-nuclear Fe/S pro-
teins and thus can be viewed as dedicated CIA maturation
factors.CelCIA2A and CIA2B-MMS19 Differentially Affect IRE
Binding and IRP2 Stability
IRP1 is a key protein ofmammalian iron homeostasis. Maturation
of its Fe/S cluster depends on NBP35, IOP1, and, as shown in
Figure 2, CIA2A, but not on CIA2B and CIA1. Thus, we expected
that only a deficiency of the former, but not of the latter two CIA
factors, or of the recently identified CIA componentMMS19 (Garil Metabolism 18, 187–198, August 6, 2013 ª2013 Elsevier Inc. 191
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Figure 4. Depletion of CIA2A or CIA2B-MMS19 Affects Cellular Iron Metabolism and Elicits Opposite Effects on IRP2
CIA1, CIA2A, CIA2B, andMMS19 were depleted by RNAi for 9 days, as in Figure 2, and HeLa cells were analyzed for ferritin, transferrin binding, and IRP2 protein
levels or for IRP2-IRE binding activity.
(A) Ferritin heavy-chain (FTH) and b-actin protein levels were examined by immunostaining (upper panel) and quantitation (lower panel) of samples as in Figure 2B.
(B) Analysis of fluorescein-labeled transferrin (Tf-FITC) binding as a measure of transferrin receptor levels. Cell-associated fluorescence was corrected for cell
density and normalized to mock-transfected cells.
(C) IRE-binding activity of IRP2 (IRP1 supershift method) was probed by a [32P]-IRE of human ferritin mRNA in the presence of 0.3% b-ME and analyzed by native-
gel electrophoresis and subsequent phosphorimaging as in Figure 2C (upper panel). Lower panels: IRP2 and b-actin steady-state protein levels were examined
by immunostaining.
(D) [32P]-IRE-IRP2 binding, IRP2, and b-actin levels of (C) were quantified and normalized to mock-transfected cells. All values are given as the mean ± SD (n = 4);
dashed line, mock-transfected cells, Scr; scrambled siRNAs.
See also Figure S6.
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lation, even though we note that the IRE binding activity of
IRP1 hardly changed upon depletion of these CIA proteins (Fig-
ure 2C). To resolve this issue, we depleted CIA1, CIA2A, CIA2B,
and MMS19 and measured two indicators of iron homeostasis,
i.e., the level of the cytosolic iron storage protein ferritin and
the binding of transferrin to its receptor (TfR). Whereas CIA1
depletion did not yield any significant alterations, CIA2B or
MMS19 deficiency caused an up to 2-fold diminution of ferritin
protein, even though their mRNA levels remained unchanged
(Figures 4A, S6A, and S6B). In contrast, both TfR-dependent
binding of fluorescence-labeled holo-transferrin and TfR1
mRNA levels increased 1.3- to 2-fold (Figures 4B, S6C, and
S6D). CIA2A-depleted cells showed ferritin and TfR alterations
similar to those of CIA2B- and MMS19-deficient cells. As a con-
trol and in contrast to the changes in TfR1 mRNA levels, mRNA
levels of the housekeeping gene glyceraldehyde 3-phosphate
dehydrogenase remained constant (Figure S6E). Clearly, the
depletion of the CIA proteins elicited effects on ferritin and TfR
levels that cannot be explained by the function of IRP1.192 Cell Metabolism 18, 187–198, August 6, 2013 ª2013 Elsevier IncThe posttranscriptional regulation of ferritin and TfR expres-
sion depends on both the Fe/S protein IRP1 and its non-Fe/S
counterpart IRP2, which is known to respond to an iron- rather
than Fe/S-cluster-dependent signal (Anderson et al., 2012;
Salahudeen et al., 2009; Vashisht et al., 2009). We therefore
examined the extent to which CIA protein depletion affects
IRP2. To this end, the IRE binding activity of IRP2 was measured
essentially as described above for IRP1, yet this time using an
antibody-induced supershift of IRP1. Depletion of CIA2B or
MMS19 increased both IRE-binding activity and protein levels
of IRP2 2-fold, an effect consistent with the observed decrease
in ferritin and the increase in transferrin binding (Figures 4C,
4D, S6F, and S6G). In contrast, CIA2A deficiency lowered both
IRE-binding activity and protein levels of IRP2 2-fold, which
does not explain the lower ferritin levels and higher transferrin
binding (Figure 4). Depletion of CIA1 did not cause any effect,
similar to ferritin and TfR. The amounts of IRP2 mRNA were
hardly changed under any depletion condition (Figure S6H),
thereby excluding the possibility that these changes were due
to altered IRP2 gene expression. The relative effects of increased.
A D
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Figure 5. CIA2A and CIA2B Form Mutually Exclusive Complexes with CIA1 to Allow for Selective Interaction with Different Target Fe/S
Proteins
(A) HeLa cells were transfected with empty vectors (Vector), vectors encoding C-terminally myc-tagged CIA2B, or vectors encoding N-terminally FLAG-tagged
CIA1 as indicated. After cell growth for 3 days, cleared lysates were prepared and subjected to immunoprecipitation (IP) by anti-myc- or anti-FLAG-coupled
protein A-agarose. Fractions of lysates (Input) and unbound supernatant (SN) or bead-associated material (Bead) were immunostained for CIA2B (a-CIA2B) and
CIA1 (a-CIA1). WB, western blot.
(B) HeLa cells were transfected with vectors encoding the indicated proteins and subjected to immunoprecipitation and immunostaining of muCIA2A (a-myc) and
CIA1 (a-CIA1).
(C) HeLa cells were transfected with vectors encoding the indicated myc-, FLAG-, or EGFP-tagged proteins and subjected to immunoprecipitation and
immunostaining. *, light chains of anti-myc immunoglobulins; n.d., not determined.
(D) Samples of HEK 293T cells expressing N-terminally HA-FLAG-tagged versions of CIA1, CIA2A, or CIA2B were subjected to anti-FLAG affinity purification.
Captured proteins were identified by MudPIT-MS and grouped for their association with the respective bait proteins. Known Fe/S proteins are given in bold face.
See also Figure S7 and Table S4.
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versus control cells were retained even under high or low iron
supply in the medium (Figure S6C). Taken together, the changes
in ferritin and TfR levels resulting from CIA2B andMMS19 deple-
tion may be explained by the increases in IRP2 levels. On the
contrary, the similar changes of ferritin and TfR levels seen under
CIA2A depletion are inconsistent with the expected effects for
lowered IRP2 levels. The molecular mechanisms of the regulato-
ry connections between these CIA components and iron meta-
bolism remain unclear. Nevertheless, the decrease in IRP2
upon CIA2A depletion may be explained on the basis of the com-
plex formation between the two proteins (see Figure 5), which
leads to stabilization of IRP2. The complicated modulatory
effects of these CIA proteins on cellular iron homeostasis intro-
duce an additional mode of IRP2 regulation.
Mammalian CIA2A and CIA2B Form Mutually Exclusive
Complexes with CIA1
The differential requirement of CIA2A and CIA2B for the matura-
tion of various Fe/S proteins prompted us to examine theirCelspecific interaction partners in more detail. First, CIA2B-myc
(Figure 5A) and muCIA2A-myc (Figure 5B) were coexpressed
with N-terminally FLAG-tagged CIA1 (Johnstone et al., 1998).
Cleared cell lysates were subjected to anti-FLAG or anti-myc
immunoprecipitation, and isolated proteins were analyzed by
immunostaining. CIA2B-myc and muCIA2A-myc were each co-
isolated with FLAG-CIA1 independently of which tag was used
for precipitation (Figures 5A and 5B, right panels). In the absence
of bait protein, no relevant signal was detected (Figures 5A and
5B, left panels), confirming the specificity of the interactions.
In order to determine whether CIA1, CIA2A, and CIA2B
interact in a ternary complex, HeLa cells were transfected
with vectors encoding C-terminally EGFP-tagged muCIA2A or
N-terminally EGFP-tagged CIA2B fusion proteins and with vec-
tors encoding CIA2B-myc or muCIA2A-myc, respectively. These
transfections were done either alone or in combination with a
vector encoding FLAG-CIA1. Anti-myc immunoprecipitation
revealed that none of the CIA2 bait proteins interacted with the
EGFP-tagged CIA2 counterpart (Figure 5C), irrespective of the
presence of FLAG-CIA1. However, both muCIA2A-myc andl Metabolism 18, 187–198, August 6, 2013 ª2013 Elsevier Inc. 193
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Figure 6. Working Model for the Maturation of Cytosolic-Nuclear Fe/S Proteins in Human Cells and the Intimate Link to Cellular Iron
Regulation
Cytosolic Fe/S protein assembly is a stepwise process and relies on a still-unknown sulfur-containing compound (X-S), which is produced by the mitochondrial
ISC assembly machinery and transported into the cytosol via the mitochondrial ABC transporter ABCB7 (Lill, 2009). Then, a [4Fe-4S] cluster is transiently
assembled on the heterotetrameric scaffold complex NBP35-CFD1. The Fe/S cluster is subsequently transferred to different apoproteins by late-acting CIA
components, a process facilitated by the action of IOP1 and the two different CIA targeting complexes identified in the present study. The CIA1-CIA2B-MMS19
complex facilitates the specific assembly of themajority of Fe/S proteins including DPYD, GPAT, and DNA polymerases. CIA2A, which also forms a complex with
CIA1, supports the specific maturation of IRP1 to cytAco, thus directly influencing cellular iron regulation. Effects on iron regulation are also conferred on IRP2.
CIA2A forms a stabilizing complex with IRP2, and hence depletion of CIA2A diminishes IRP2 levels (blue double arrow). In contrast, deficiency of CIA2B or
MMS19 increases IRP2 amounts by an unknown mechanism (dotted blue line).
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muCIA2A and CIA2B do not interact with each other, yet both
independently bind to CIA1. These results suggest a mutually
exclusive association of muCIA2A or CIA2B with CIA1.
This conclusion was further supported by analyzing the
steady-state protein levels of CIA1, CIA2B, and MMS19 when
one of these CIA components was depleted by RNAi. In each
case, protein levels of the other two binding partners were signif-
icantly decreased (Figures S7A–S7D). In contrast, knockdown of
CIA2A had no effects on CIA1, CIA2B, orMMS19, in keepingwith
its lack of interaction with both CIA2B and MMS19 (Stehling
et al., 2012). Apparently, CIA1, CIA2B, and MMS19 stabilize
each other through formation of the CIA targeting complex,
arguing for a tight association of these proteins.
CIA2A and CIA2B Associate with Distinct Sets
of Proteins
The mutually exclusive binding of CIA2A or CIA2B to CIA1 and
their radically different Fe/S target specificities prompted us to
further define their global protein-interaction networks. To this
end, we used an established affinity purification system to isolate
N-terminally hemagglutinin (HA)-FLAG-tagged CIA1, CIA2A, and
CIA2B together with associated proteins from doxycycline-
inducible human embryonic kidney 293 (HEK 293) stable cell194 Cell Metabolism 18, 187–198, August 6, 2013 ª2013 Elsevier Inclines. Purified proteins were uncovered byMultidimensional Pro-
tein Identification Technology-based proteomic mass spectro-
metry (MudPIT-MS) (Stehling et al., 2012; Wohlschlegel, 2009).
Proteins represented by more than 20 peptides and belonging
to the 99th percentile of the total sample entity (Table S4) were
grouped with respect to their association with one, two, or three
of the CIA baits (Figure 5D). Representative interactions were
confirmed by immunostaining (Figure S7E). Among the top inter-
acting proteins, we found the CIA targeting complex CIA1-
CIA2B-MMS19. Its additional interaction with the CIA protein
IOP1 may indicate the functional contact of earlier (IOP1) and
late parts of the CIA machinery. A similar functional interaction
may exist between IOP1 and CIA2A, consistent with the role of
IOP1 as a general CIA factor functioning upstream of the two
CIA2 isoforms. Strikingly, many of theCIA2B-interacting proteins
(Figure 5D, blue box) are known Fe/S proteins, including DNA2,
PRIM2, XPD, RLI1, POLD1, RTEL1, GPAT, and NTHL1. As ex-
pected, most of these proteins also interacted with both CIA1
(Figure 5D, red box, and Table S4) and MMS19 (Stehling et al.,
2012). These results fit nicely with our functional studies showing
that the CIA1-CIA2B-MMS19 complex is involved in the matura-
tion of the majority of cytosolic-nuclear Fe/S proteins (Figure 6).
The large group of proteins exclusively associated with CIA1
included UDP-glucose 6-dehydrogenase, Golgin subfamily.
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protein 1-like (Figure 5D; Table S4). Intriguingly, the majority
of these proteins have not been previously linked to Fe/S
protein metabolism. They could represent novel CIA or Fe/S
proteins or new regulators of CIA1 activity or relate to as-yet-
unknown roles for CIA1 in other biological pathways. CIA2A
was not found to associate with IRP1 in these experiments or
by dedicated immunoprecipitation, despite its functional rele-
vance for IRP1 Fe/S cluster maturation. However, both CIA2A
and CIA1 bound to IRP2 (IREB2) with high specificity, thus
shedding light on the mechanism by which CIA2A levels may
impact IRP2 protein amounts. Direct complex formation
between IRP2 and CIA2A may lead to stabilization of IRP2.
Thus, CIA2A, in addition to its above-defined role in IRP1
Fe/S cluster maturation, establishes an unexpected link
between Fe/S protein biogenesis and cellular iron metabolism
via IRP2 interaction.
DISCUSSION
The importance of cytosolic and nuclear Fe/S proteins in funda-
mental cellular processes such as DNA replication and repair,
chromosome segregation, and ribosomal protein translation
has only recently become evident. Nevertheless, the mecha-
nism of Fe/S protein maturation in mammalian cells is still poorly
defined. Previously, only three cytosolic factors have been
implicated in this process, namely NBP35 and IOP1, which
act as general CIA biogenesis factors (Song and Lee, 2008;
Stehling et al., 2008), and MMS19, which executes a more
target-specific function (Gari et al., 2012; Stehling et al.,
2012). Here, we used cell-biological, biochemical, and proteo-
mic approaches to identify and functionally characterize three
additional components, CIA1, CIA2A, and CIA2B, as bona fide
members of the human CIA machinery. In contrast to NBP35
and IOP1, but similarly to MMS19, these proteins directly
interact with Fe/S target proteins and are engaged in target-
specific maturation steps. CIA1 and CIA2B assemble with
MMS19, forming the so-called CIA targeting complex (Stehling
et al., 2012) that is involved in the biogenesis of the majority of
cytosolic and nuclear Fe/S proteins including GPAT, DPYD, and
DNA polymerases such as POLD1 (Figure 6). Thus, this complex
is the functional equivalent of a related entity in yeast. The
strong conservation of its components in eukaryotes reflects
the importance of cytosolic and nuclear Fe/S proteins. CIA2A,
on the other hand, exists in only a few organisms and functions
as a dedicated Fe/S cluster maturation factor of IRP1, thereby
exerting a direct impact on the regulation of cellular iron homeo-
stasis in mammals (Figure 6). This situation radically differs from
yeast and other lower eukaryotes, which harbor only one CIA2
gene and lack IRP1. In yeast, depletion of CIA components
has no immediate effects on cellular iron homeostasis. Thus,
CIA2A and CIA2B are key components of the mammalian CIA
machinery defining the target specificity for Fe/S cluster inser-
tion into distinct sets of Fe/S apoproteins, thereby establishing
a branched pathway for cytosolic Fe/S protein maturation
(Figure 6).
CIA1, CIA2B, andMMS19 are known to tightly interact, yet the
Fe/S target protein specificity of the individual components
may differ. All three CIA proteins were required for maturationCelof DPYD, but only two of them were crucial for the assembly
of POLD1 and GPAT (Figure 6). RNAi-mediated depletion of
CIA2B had only mild effects on POLD1, and functional inactiva-
tion of MMS19 left GPAT virtually unaffected. This result is sur-
prising based on the complex formation between the three CIA
proteins. Either the CIA targeting complex is dynamic and can
dissociate into dimeric subcomplexes with distinct target speci-
ficities, or it has multiple binding sites for different Fe/S targets.
The existence of dimeric subcomplexes that specifically interact
with dedicated Fe/S proteins is corroborated by our current and
previous proteomic analyses. For instance, many of the CIA2B-
associated proteins identified here have been previously shown
to copurify with MMS19 (Stehling et al., 2012), supporting the
existence of a CIA2B-MMS19 dimeric subcomplex. The same
might hold true for CIA1. However, our results also suggest
that the individual constituents of the CIA targeting complex
stabilize each other, as depletion of one component lowered
the abundance of the remaining two. This finding is best
explained by protein interactions stabilizing the partners of
the CIA targeting complex. Importantly, the majority of the cyto-
solic and nuclear Fe/S proteins are associated with CIA1, CIA2B,
and MMS19 (Figure 5D and Gari et al., 2012; Luo et al., 2012;
Stehling et al., 2012; van Wietmarschen et al., 2012), empha-
sizing the central importance of the CIA targeting complex for
the maturation of the vast majority of cytosolic and nuclear
Fe/S proteins.
Our coimmunoprecipitation and proteomic approaches indi-
cate that CIA1 forms mutually exclusive complexes with either
CIA2A or CIA2B. Knockdown of CIA2A by RNAi resulted in low
cytAco activity and diminished protein levels, indicative of
hampered Fe/S maturation of IRP1 in the absence of CIA2A.
Given that no direct interaction of these two proteins was detect-
able, their association may be rather labile. On the contrary,
CIA2A was dispensable for GPAT, DPYD, and POLD1 matura-
tion, consistent with the lack of interaction with known Fe/S pro-
teins apart from POLE1, which thus might be a second substrate
of CIA2A (Figure 5D). Surprisingly, although CIA2A formed a
complex with CIA1, depletion of the latter had no significant
effect on IRP1 steady-state protein level and cytAco activity.
This is reminiscent of the situation for the CIA1-CIA2B-MMS19
targeting complex in which the individual constituents are not
necessarily essential for maturation of distinct targets of the
partner CIA proteins.
Our results identify an additional way in which the late-acting
CIA proteins affect cellular iron regulation. The direct require-
ment of the human CIA machinery for IRP1 Fe/S cluster matura-
tion has been documented earlier but is extended in our current
studies by identifying CIA2A as both an IRP1-specific targeting
factor and a stabilizing component for IRP2. Another surprising
impact of the CIA machinery on iron homeostasis is mediated
by CIA2B and MMS19. Their depletion led to the unforeseen
increase in cellular levels and IRE binding activity of IRP2, i.e.,
opposite effects than those seen for the deficiency in CIA2A
(this study and Stehling et al., 2012). IRP2 is the teammate of
IRP1 in the posttranscriptional regulation of iron metabolism
yet is known to exhibit its iron-regulatory function independently
of a bound Fe/S cluster (Zumbrennen et al., 2009). Instead, IRP2
binding to IRE is critically regulated via its iron-responsive degra-
dation by FBXL5 (Salahudeen et al., 2009; Vashisht et al., 2009),l Metabolism 18, 187–198, August 6, 2013 ª2013 Elsevier Inc. 195
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2008), and probably an oxoglutarate-dependent dioxygenase
(Wang et al., 2004). Although IRP1 and IRP2 were reciprocally
affected by knockdown of CIA2A and CIA2B-MMS19, respec-
tively, the physiological effects on ferritin levels and cellular
transferrin binding were strikingly similar. In cells lacking CIA2B
orMMS19, IRP2was stabilized, resulting in lower levels of ferritin
and an increase in transferrin receptor. In contrast, CIA2A deple-
tion lowered the levels of IRP2, yet the impact on ferritin and
TfR was similar to that for CIA2B and MMS19 depletion, i.e.,
the opposite of the expected situation. The stabilizing effect
of CIA2A on IRP2 may be best explained by the physical interac-
tion of IRP2 with CIA2A detected by our proteomic studies.
Intriguingly, CIA1 interacts with the CIA2A-IRP2 complex, yet
depletion of CIA1 had no detectable consequences on iron
metabolism. Thus, the role of this interaction remains to be
determined.
The initial discovery of CIA1 and CIA2B implicated them as
functioning in cellular processes other than Fe/S protein
assembly. CIA1 was identified in a search for binding partners
of Wilms’ tumor protein (Johnstone et al., 1998). The biochem-
ical basis for this connection became evident from recent
studies that identified a function of the CIA1 binding partner
MMS19 in the dedicated assembly of a subset of Fe/S proteins
including many involved in DNA metabolism (Gari et al., 2012;
Stehling et al., 2012). Similarly, CIA2B was suggested to
perform a function in chromosome segregation (Ito et al.,
2010). Intriguingly, the two proteins were found to be part of
a large complex including MMS19 and the Fe/S protein XPD,
and RNAi-mediated knockdown of CIA2B led to defective chro-
mosome segregation and abnormally shaped nuclei. These
tumor-related and chromosome-integrity-related functions of
CIA1 and CIA2B can now be understood on the basis of our
past (Stehling et al., 2012) and present findings that these pro-
teins, together with MMS19, perform a primary function in the
maturation of Fe/S proteins involved in DNA-related processes
such as the DNA helicases XPD and RTEL1, as well as DNA
polymerases.
The mutually exclusive binding of CIA1 to either CIA2A or
CIA2B and the opposing effects of CIA2A and CIA2B-MMS19
deficiency on the IRP system propose a branching mechanism
for cytosolic-nuclear Fe/S protein assembly and an intimate
connection of this pathway to the regulation of iron homeostasis
via CIA2A-dependent IRP1 activation and IRP2 stabilization (Fig-
ure 6). According to this model, knockdown of CIA2B or MMS19
impairs the activity of the CIA targeting complex, which might
lead to the preferential use of the CIA2A branch, thus promoting
Fe/S cluster maturation of IRP1 and stabilization of IRP2. Vice
versa, binding of CIA2A to CIA1 might negatively affect CIA2B-
dependent Fe/S protein maturation, implicating a regulatory
function of the dynamic CIA2A-CIA1 interaction. Notably, IOP1
interacts with both CIA1-CIA2A andCIA1-CIA2B-MMS19 target-
ing complexes (Figure 5D), suggesting that it might be the final
general CIA component acting before the branching node within
the CIA machinery (Seki et al., 2013). Our present study provides
a framework for future investigations into the precise molecular
function of the CIA components that assist the assembly of
cytosolic-nuclear Fe/S proteins in human cells. Furthermore,
our work enables future studies dedicated to the molecular196 Cell Metabolism 18, 187–198, August 6, 2013 ª2013 Elsevier Incmechanism of IRP2 regulation by late-acting members of the
CIA machinery.
EXPERIMENTAL PROCEDURES
Vectors and siRNAs
For nomenclature of human CIA proteins, see Table S1. The mammalian
expression vector pCMV-FLAG-CIA1 (CIAO1 GeneID: 9391) was kindly pro-
vided by R.W. Johnstone (Johnstone et al., 1998). Plasmid pPK368 containing
murine CIA2A complementary DNA (cDNA) (FAM96A GeneID: 68250) was a
kind gift of M. Zo¨rnig (Frankfurt, Germany). Cloning vector pOTB7-CIA2B
(FAM96B GeneID: 51647) was obtained from imaGenes GmbH. For mass
spectrometry, plasmids encoding CIA1 (Clone ID: 5219740), CIA2A (Clone
ID: 4128736), and CIA2B (Clone ID: 3353705) were purchased from Open Bio-
systems. siRNAs (Table S2) were purchased from Ambion. Primer sequences
for qRT-PCR are given in Table S3.
Antibodies
CIA2B antiserum was either raised in rabbits immunized with bacterially
expressed, N-terminally His-tagged, and purified full-length protein or was
purchased from Proteintech Group. CIA1 antiserum was either raised in rab-
bits or obtained from GenWay Biotech. Additional antibodies are listed in the
Supplemental Experimental Procedures section.
Cell Culture and Transfection
Human cervix carcinoma cells (HeLa cells) were cultured and transfected by
electroporation as described previously (Sheftel et al., 2010b; Stehling et al.,
2008, 2012). A total of 15 mg siRNAs was used, and the amount of plasmids
ranged between 5 and 10 mg. In order to prolong the time period of
mRNA depletion cells were retransfected twice at 3 day intervals. Flp-InTM
T-RExTM-293 cells were obtained from Invitrogen and cultured as described
in Stehling et al. (2012). Stably transfected doxycyclin-inducible (500 ng/ml
overnight) 3xHA-3xFLAG-CIA1, 3xHA-3xFLAG-CIA2A, and 3xHA-3xFLAG-
CIA2B Flp-InTM T-RExTM-293 cells were generated using the Flp-In System
(Invitrogen) according to manufacturer’s instructions. LipofectamineTM 2000
was used in transfections according to the manufacturer’s directions.
Biochemical Methods
HeLa cells were harvested, fractionated by digitonin treatment, and analyzed
as described previously (Mu¨llner et al., 1989; Sheftel et al., 2010b; Stehling
et al., 2007, 2008, 2009). Aconitase activity was determined by a coupled aco-
nitase-isocitrate dehydrogenase assay, and SDH activity was determined by a
dichlorophenol-indophenol assay in combination with decyl ubiquinone. Cyto-
chrome c oxidoreductase, citrate synthase, and LDH activities were analyzed
as published. DPYD enzyme activity was determined by analysis of the con-
version of [4-14C]-T into [4-14C]-DHT using TLC (Stehling et al., 2012). IRE
RNA-binding capacities of IRP1 and of IRP2 were examined by REMSA. In or-
der to activate latent IRP2, b-ME was added at a final concentration of 0.3%
prior to the addition of the 32P-labeled IRE (Zumbrennen et al., 2009). TfR
expression was evaluated with a fluorometric approach (Stehling et al., 2008).
Coimmunoprecipitation
HeLa cells were transfected with vectors encoding tagged fusion proteins and
harvested after 3 days of tissue culture. Cell pellets (corresponding to about
2 mg of total protein) were lysed in TNGT buffer (10 mM Tris-HCl [pH 7.4],
150 mM NaCl, 10% [w/v] glycerol, 0.25% [vol/vol] Triton X-100, 1 mM phenyl-
methylsulfonyl fluoride) and clarified by centrifugation at 13,0003 g for 10min.
Protein-A-agarose-conjugated FLAG or myc probe (Santa Cruz Biotech-
nology) was added for 1.5 hr under gentle agitation at 4C. Agarose beads
were washed four times with TNGT buffer and resuspended in loading buffer
for SDS-PAGE and immunoblotting. About 10% to 30% of the precipitated
material was applied in each gel run.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and four tables and can be found with this article online at
http://dx.doi.org/10.1016/j.cmet.2013.06.015..
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